Objective: The objective of this study was to evaluate the feasibility of using multishot PROPELLER for diffusion-weighted imaging (DWI) of the abdomen. Materials and Methods: Diffusion-weighted abdominal imaging was performed in 9 healthy volunteers and 3 patients using both single-shot DW-SE-EPI and multishot DW-PROPELLER (BLADE sequence). We compared ADC measurements in phantoms, liver and pancreatic tissues and performed qualitative comparisons of the diffusion-weighted images and ADC maps provided by these 2 techniques. Results: DW-PROPELLER significantly improved image quality (P Ͻ 0.05) with reduced geometric distortion and artifact. The ADC values of phantoms and abdominal organs measured by DW-PROPELLER were generally greater than those measured by single-shot DW-SE-EPI. The ADC values measured by both DWI techniques were significantly different for liver tissues but not for pancreatic tissues (P Ͻ 0.05). Preliminary patient studies demonstrated clearly distinguished lesion areas from surrounding normal liver tissues in the DW-PROPELLER images. DW-PROPELLER offers the potential for high-resolution DWI of the abdomen.
D
iffusion-weighted magnetic resonance imaging (DWI) permits noninvasive in vivo characterization of the microscopic random motion of tissue water molecules. The most common clinical application of DWI is for the early detection of cerebral ischemia. 1, 2 However, DWI is increasingly used for characterization of abdominal organs, detection and differentiation of abdominal lesions, [3] [4] [5] [6] and evaluation of tumor therapy response. 7 DWI pulse sequences typically apply strong motion probing gradients before single-shot acquisition with echoplanar imaging (EPI) or half-Fourier acquisition single-shot turbo-spinecho (HASTE). Avoiding artifacts resulting from bulk and physiological motion, these single-shot techniques are particularly useful for in vivo DWI. 8, 9 However, EPI techniques can experience significant image distortion, chemical shift artifacts, and reduced spatial resolution. 10 Magnetization transfer effects and T2-filtering effects commonly lead to image blurring while using HASTE techniques. 11 These limitations have complicated routine clinical DWI of the visceral organs when extending the imaging field of view (FOV) as necessary for abdominal imaging applications. Recently, parallel imaging techniques have permitted reduced echo-train lengths for single-shot DW-EPI thereby reducing distortion and improving overall image quality. 12, 13 High-resolution diffusion-weighted images with reduced susceptibility artifacts can be obtained using multishot DWI pulse sequences, including interleaved-EPI with phasecorrecting navigator echoes, 14 line scan imaging, 15 radial sampling turbo-spin echo (TSE) sequence combined with filtered back-projection reconstruction, 16 and the more recently introduced multishot PROPELLER technique. 17 Unique strategies are exploited by each of these multishot DWI techniques to correct phase inconsistencies arising from bulk motion during diffusion preparation.
The PROPELLER sequence uses a multishot TSE acquisition strategy with each segment of data acquired as a single rectilinear blade along a propeller-shaped k-space trajectory. 18 Phase correction is performed for each blade data set to remove the phase inconsistency resulting from the motion during application of the diffusion gradients. Low-resolution images are reconstructed from the central region of k-space oversampled by each blade, permitting bulk motion correction. After data correction, k-space blade segments are combined using k-space regridding for high-resolution image reconstruction. TSE-based PROPELLER techniques have been evaluated for brain imaging at 1.5 T 19 and 3.0 T. 20 PROPELLER provided improved image contrast, 19 improved image quality, and reduced susceptibility to motion artifacts 20 compared with rectilinear data sampling techniques. PROPELLER has also been used for DWI. DW-PROPELLER techniques have previously demonstrated improved image quality for detection of acute cerebral infarctions. 21 PROPELLER diffusion tensor imaging (DTI) studies in human brain reported superior image quality compared with EPI-DTI. 22 However, to our knowledge, DW-PROPELLER for abdominal imaging has not been reported. In this preliminary study, we evaluated the feasibility of using the multishot DW-PROPELLER sequence for DWI of the abdomen. We tested the hypothesis that DW-PROPELLER can provide abdominal images with improved qualitative image sharpness, distortion, and artifact levels compared with single-shot DW-EPI. We also demonstrated the relative accuracy of DW-PROPELLER abdominal water mobility measurements and the potential use of the DW-PROPELLER technique for clinical imaging of hepatocellular carcinoma (HCC).
MATERIALS AND METHODS

Subjects
The study protocol was approved by our Institutional Review Board and written informed consent was obtained from each volunteer. Nine healthy adult volunteers and 3 patients with primary diagnosis of HCC were recruited for the study.
Magnetic Resonance Imaging
All imaging experiments were performed using the Magnetom Sonata 1.5 T clinical MR scanner (Siemens Medical Solutions, Erlangen, Germany) with a high-performance gradient subsystem (40 mT/m maximum amplitude; 200 mT/m/ms maximum slew rate).
Phantom Study Protocol
Phantom experiments were performed to test the accuracy of DW-PROPELLER quantitative diffusion measurements with 3 cylindrical vials with diameter of 20 mm consisting of distilled water, acetone, and ethanol at room temperature. Phantom measurements were performed using a single-channel head coil. Phantoms were placed at the isocenter of the magnet. DW-PROPELLER images at a single coronal slice position including all the 3 phantoms were obtained. Single-shot diffusion-weighted spin-echo EPI (DW-SE-EPI) images were acquired separately for each phantom after adjusting the system center frequency to the resonance frequency of the respective phantom. The imaging protocol was identical to the subsequent volunteer study protocol described in the next paragraph.
Volunteer Study Protocol
Volunteers studies (n ϭ 9) were performed using a flexible anterior 6-channel phased-array abdominal imaging coil and a 6-channel posterior coil. Abdominal images were acquired at a single axial slice position, including both liver and pancreatic tissues with slice position chosen based on T2-weighted TSE scout scans. Both single-shot DW-SE-EPI and DW-PROPELLER image series were acquired in each volunteer using the following imaging parameters. Single-shot DW-SE-EPI: TR/TE ϭ 2000/82 msec, 5-mm slice thickness, 1.5 kHz/pixel BW, 380 ϫ 260 mm 2 FOV, 70 ϫ 128 matrix (3.7 ϫ 3.0 ϫ 5.0 mm 3 ), 6/8 partial Fourier, EPI factor ϭ 70, breathhold during scanning, twice refocused spin-echo diffusion preparation.
Our implemented pulse sequence was based on the BLADE pulse sequence (Siemens Medical Solutions implementation of PROPELLER TSE). Motion probing gradients separated by a slice-selective 180°refocusing pulse provided the requisite diffusion weighing. 23 TR/TE ϭ 2000/105 ms, 5-mm slice thickness, 400 Hz/pixel BW, 380 ϫ 380 mm 2 FOV, 128 ϫ 128 matrix (3.0 ϫ 3.0 ϫ 5.0 mm 3 ), ETL ϭ 17, 44 segments, 3 signal averages, free-breathing with respiratory bellows triggering. Nonselective fat saturation and regional superior and inferior presaturation slabs were used for both sequences. At a fixed diffusion time, motion probing gradient amplitudes were varied to obtain diffusion weightings of b ϭ 0, 10, 100, and 502 seconds/mm 2 . For both sequences, separate image series were acquired with diffusion weighting applied along one of 3 orthogonal axis defined as (Ϫ0.5x, y, z), (x, Ϫ0.5y, z), and (x, y, Ϫ0.5z). By applying diffusion sensitizing gradients simultaneously on 3 axes, the diffusion preparation time and TE could be shortened. , were acquired to demonstrate the feasibility of improving spatial resolution. Translational and rotational motion correction was not used for the PROPELLER image reconstructions.
The imaging time and the number of slices acquired were different for each pulse sequence. For the single-shot DW-SE-EPI technique, multiple slices covering the entire liver were obtained during one breathhold of approximately 27 seconds. For the multishot DW-PROPELLER technique with respiratory triggering, the number of interleaved slices could be adjusted from 1 to 10 (acquired during each TR). Imaging time for DW-PROPELLER ranged from 3 to 5 minutes for each stack of DW-PROPELLER images, depending on each individual's respiration period.
Patient Study Protocol
Patient studies (n ϭ 3) were performed using a flexible anterior 6-channel phased-array abdominal imaging coil and a 6-channel posterior coil. Anatomic MRI protocol included T2-weighted HASTE and contrast-enhanced T1-weighted gradient echo (GRE) imaging sequences with fat suppression in the arterial and venous phases. DW-PROPELLER images were obtained before contrast scans using imaging parameters previously described for the volunteer studies. However, because these DWI scans were performed as adjuncts to ongoing clinical studies, diffusion weighting was applied along only a single axis to reduce overall study time (b ϭ 360 seconds/mm 2 applied along the x-axis orientation).
Image Analysis
For volunteer studies, an Argus image processing workstation (Siemens Medical Solutions) was used to draw region of interest (ROI) within liver and pancreatic tissues to measure mean signal intensity. ROI (20 -50 pixels) excluding vessels and artifacts were drawn on DWI at b ϭ 0 seconds/mm 2 and then applied to the other DW images (ie, b ϭ 10, 100, and 502 seconds/mm 2 ). Isotropic DW images were calculated as an average of the DW images acquired along 3 orthogonal diffusion-weighting orientations. To suppress perfusion effects of vessels on subsequent measurements, ADC values in each ROI were separately reconstructed using DWIs with b Ն10 seconds/ mm 2 for each direction of diffusion weighting and then averaged to obtain the isotropic diffusion coefficient D trace . 6 D trace maps were also reconstructed by averaging ADC maps obtained from DWIs along each diffusion-weighting orientation.
Both qualitative and quantitative evaluations were performed to compare single-shot DW-SE-EPI and DW-PROPELLER sequences. Isotropic diffusion-weighted images (b ϭ 0 and 502 seconds/mm 2 ) and reconstructed D trace maps were randomized and qualitatively scored independently by 2 experienced reviewers, each blind to the particular acquisition strategy. The ADC images were scored on a 2-point scale in accordance with previous studies 24 : 1, organs appeared homogeneous; 2, organs partially or completely disappeared or appeared heterogeneous. Diffusion-weighted images were scored based on the artifacts level, image sharpness, and image distortion with 1 as the best quality and 4 as the worst. For quantitative comparisons, mean D trace values of liver and pancreatic tissues in each volunteer were calculated over corresponding ROIs within single-shot DW-SE-EPI and DW-PROPELLER images. A matched pair t test was used (2-tailed, ␣ ϭ 0.05) to test for statistical differences between both qualitative scores and quantitative measurements.
RESULTS
Phantom Studies
Isotropic diffusion-weighted images and corresponding ADC maps at a single axial slice, which included each of the 3 phantom vials is shown Figure 1 . DW images in Figure 1 were acquired at the water resonance frequency, which resulted in chemical shift of the ethanol and acetone vials in single-shot DW-SE-EPI images (Note: ADC measurements for ethanol and acetone vials were performed with scanner tuned to the corresponding resonance frequency of each respective vial.). As expected, these chemical shift artifacts were not observed in the DW-PROPELLER images. D trace values of water, acetone, and ethanol as measured by DW-PROPELLER sequence and as measured by single-shot DW-SE-EPI sequence are listed in Table 1 . Although DW-PROPELLER D trace values were greater than corresponding DW-SE-EPI values, these measurements remained within ranges consistent with those reported previously.
25-27
Volunteer Studies
Representative isotropic DWI (b ϭ 0 and 502 seconds/ mm 2 ) with reconstructed D trace maps acquired using singleshot DW-SE-EPI and DW-PROPELLER sequences are shown in Figure 2 along with an additional 192 ϫ 192 matrix image series demonstrating the feasibility of improving spatial resolution with DW-PROPELLER. Overall, no image distortion or motion artifacts were observed in the DW-PROPELLER images, which provided improved anatomic details. Single-shot DW-SE-EPI images were commonly distorted and provided inferior spatial resolution. 2 ) and corresponding ADC maps of a phantom consisting of water (W), acetone (A), and ethanol (E) acquired using DW-PROPELLER (first row) and single-shot DW-SE-EPI (second row). Chemical shift lead to displacement of A and E in the DW-SE-EPI image acquired at the water resonance frequency (second row). 
Qualitative Comparison
The D trace map of each organ obtained using the DW-PROPELLER sequence was more homogeneous than the D trace map obtained using single-shot DW-SE-EPI. Qualitative image scores for each category and each reviewer are shown in Table 2 . Mean scores for each reviewer in each category (artifact level, sharpness, distortion, and organ ADC homogeneity) were smaller (ie, better) for DW-PROPELLER images and the corresponding ADC maps. The improvements were statistically significant (P Ͻ 0.05) except for the images' sharpness scores for DWI at b ϭ 502 seconds/mm 2 evaluated by reviewer 1. However, the P value for comparison of image sharpness scores for DWIs at b ϭ 0 and 502 seconds/mm 2 was lesser for reviewer 2 (P Ͻ 0.001).
Quantitative Comparison
Mean D trace of liver tissues were (1.39 Ϯ 0.19) ϫ 10 Ϫ3 mm 2 /s measured using DW-PROPELLER and (1.18 Ϯ 0.14) ϫ 10 Ϫ3 mm 2 /s measured using single-shot DW-SE-EPI sequence (mean Ϯ standard deviation, significant difference, P Ͻ 0.05). 
Patient Studies
Contrast-enhanced T1-weighted fat-suppressed (FS) GRE, T2-weighted HASTE and DW-PROPELLER images in 3 patients with HCC are shown in Figure 3 . HCC lesions in all patients were clearly distinguished from normal liver parenchyma in DW-PROPELLER images without significant motion artifacts or geometry distortion. Figure 3A -C shows a large hepatoma in the right lobe with innumerable liver lesions involving the left lobe resulting from diffuse HCC. The left lobe lesions were hyperintense in the T2-weighted image and markedly hyperintense on the DW-PROPELLER image as a result of restricted diffusion. The larger right lobe lesion demonstrated lesser restricted diffusion. Figure 3D -F shows a 3.5-cm HCC in the left lobe with heterogeneous enhancement on portal venous phase T1 FS GRE image, slight hyperintensity on T2-weighted image, and marked hyperintensity on the DW-PROPELLER image. Figure 3G -I shows a large tumor with progressive necrosis and persistent enhancement of the peripheral portion of the tumor on T1-weighted image. T2-weighted image shows heterogeneous mass. The DW-PROPELLER image shows areas of hypointensity likely corresponding to necrosis within the mass and areas of hyperintensity resulting from restricted diffusion and persistent tumor, particularly along the periphery of the mass. Signals from surrounding normal liver tissues were suppressed in DW-PROPELLER images.
DISCUSSION
In this preliminary study, we demonstrated the application of multishot PROPELLER technique for diffusion-weighted abdominal imaging. We compared DW-PROPELLER with conventional single-shot DW-SE-EPI. DW-PROPELLER improved image quality with reduced geometry distortion and less susceptibility artifacts. DW-PROPELLER offers the potential for high-resolution DWI of the abdomen.
Single-shot DW-EPI is the most commonly used technique for DWI because these strategies are generally immune to bulk motion artifacts. However, severe image degradation resulting from susceptibility artifacts and inferior spatial resolution limits its use for abdominal imaging applications, which require a much larger FOV than typically used for brain imaging. Furthermore, chemical shift artifacts from insufficiently suppressed fat tissues may overlay visceral organs, thereby complicating clinical interpretation of the DW images. In the present study, DW-PROPELLER images demonstrated the potential to overcome these limitations. Superior anatomic details and less blurring were observed in the DW-PROPELLER images with qualitatively improved spatial resolution compared with the single-shot DW-SE-EPI images. Qualitative evaluation in volunteer studies demonstrated significant improvement in image quality for DW-PROPELLER based on artifacts, image sharpness, and distortion level for DWIs (b ϭ 0 and 502 seconds/ mm 2 ) and organ homogeneity for corresponding ADC maps. In a total of 126 matched pairs (ie, 9 volunteers ϫ 7 scoring categories ϫ 2 reviewers) of qualitative comparison scores between DW-PROPELLER and single-shot DW-SE-EPI techniques, 123 pairs had superior scores for DW-PROPELLER. In general, there was some variability in scores between reviewers. Scored by reviewer 2, the DW-PROPELLER images were In the 3 preliminary HCC patient studies, lesions were more clearly distinguished from surrounding normal liver tissues in the DW-PROPELLER images compared with the conventional T2-weighted HASTE images. Hyperintensity of the lesion area may indicate restricted water mobility in viable tumor tissues, whereas the hypointensity of the centric lesion region may indicate increased water mobility as a result of the formation of necrotic tumor tissues. Although these initial feasibility studies demonstrated the potential for clinical translation, future studies are necessary to systematically evaluate DW-PROPELLER for the detection and characterization of abdominal lesions.
Our recent studies using DWI to differentiate viable and necrotic liver tumor tissues 28 and evaluate liver tumor response after radioembolization 29 were limited by the relatively poor image quality provided by single-shot DW-SE-EPI. An alternative abdominal DWI technique with robust image quality and superior spatial resolution may allow in vivo measurements of tumor necrotic fraction and also the characterization of water mobility changes within smaller (Ͻ1 cm) lesions. Based on the preliminary results of the present study, DW-PROPELLER clearly offers the potential to provide these necessary improvements. The superior spatial resolution of DW-PROPELLER may also permit differentiation of clinically critical "at-risk" or "damaged" tumor tissues 28, 30 at viable/necrotic tissue margins. Different receiver bandwidths were used for these 2 sequences. For the single-shot DW-EPI sequence, higher bandwidth (1.5 kHz/pixel) was chosen to shorten readout time thereby reducing the image blurring resulting from the signal drop along the long echo train and reducing off-resonance distortion. For the multishot DW-PROPELLER sequence, a lower bandwidth (400 Hz/pixel) was used for superior SNR. Although conceivable that these alternate bandwidths may have influenced qualitative comparisons, a matched bandwidth comparison would have required suboptimal sequence parameters for either one or both of the approaches.
ADC values of phantoms and abdominal organs measured by DW-PROPELLER were generally greater than those measured by single-shot DW-SE-EPI. The ADC differences between both techniques were statistically significant for liver tissues but not for pancreatic tissues. However, significantly variant ADC measurements of abdominal organs (eg, 0. 4, 6 ) have been reported using single-shot DW-EPI sequence on 1.5 T clinical scanners. These variations can be attributed to divergent imaging protocols (range of b-values sampled, imaging gradients, data acquisition under breathhold/free breathing, parallel imaging technique, pulse-triggered acquisition, and so on). Chemical shift artifacts and signal pile up in in vivo DW-EPI images could also result in variant ADC measurements. Contributions of imaging gradients (as opposed to motion probing gradients) to overall diffusion weighting in both sequences were not included in the b-value calculations. Further validation of robust quantitative water mobility measurements by multishot DW-PROPELLER technique using optimal imaging protocols and precise b-value calculation is needed.
Limitations in this study include: 1) limited sample size for statistical analysis; 2) relatively longer scanning time during free breathing using multishot DW-PROPELLER technique; 3) inconsistency in breathing pattern for uncooperative volunteers, which may induce motion artifacts and image misregistration and thus disturb ADC measurement accuracy; and 4) artifacts resulting from violation of CarrPurcell-Meiboom-Gill (CPMG) conditions observed in some DW-PROPELLER images. Future sequence optimization will include: 1) parallel imaging techniques to reduce imaging time and high field energy deposition; and 2) effective respiratory compensation using navigator echoes to reduce respiratory motion artifacts and maintain consistent slice position; 3) improvement of signal stability and signal-tonoise ratio by resolving the non-CPMG conditions. 17 Contrast-enhanced MR imaging is an effective clinical imaging method for lesion characterization in liver. SPIObased and gadolinium-based contrast agents in combination with dynamic T1-weighted measurements 32 have been compared for the detection of enhancement patterns in focal liver lesions. As a potential supplementary tool for liver imaging, DW-PROPELLER and dynamic contrast-enhanced techniques need to be compared for the accuracy of tissue characterization in future studies.
Studies comparing abdominal MR imaging at 1.5 T and 3.0 T using T1-weighted GRE, T2-weighted HASTE and contrast-enhanced imaging have demonstrated improved signal-to-noise ratio and contrast-to-noise ratio yet decreased signal homogeneity and increased motion and susceptibility artifacts on 3.0 T. 33, 34 Diffusion-weighted abdominal imaging techniques such as single-shot DW-EPI and multishot DW-PROPELLER should also be evaluated at 3.0 T in terms of the signal uniformity, susceptibility artifacts, chemical shift effects, and the accuracy of quantitative ADC measurements. Greater radiofrequency power deposition at 3.0 T may become a limiting factor for the multishot TSE-based PROPELLER technique. Parallel imaging may be applied to reduce power deposition and potentially increase spatial resolution. Alternatively, a recently developed shot-axis EPIbased PROPELLER technique may be useful for DWI at higher field strengths. 35 In conclusion, the multishot DW-PROPELLER sequence is a promising technique for multishot DWI of abdominal organs. DW-PROPELLER qualitatively reduced image artifact levels and geometric distortion. Future clinical studies will evaluate the use of the DW-PROPELLER technique for abdominal oncologic imaging applications, including lesion detection, characterization, and therapy assessment.
